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Abstract: A novel sorption system is proposed to reduce nitrogen oxides (NOx) emission, which is 
regarded as an alternative solution to conventional urea selective catalytic reduction (SCR) technology. 
Nanoparticle i.e. carbon coated aluminum (Al@C) plays dual roles at the beginning and end of this 
system. One is used to prepare novel fuel blend, which is expected to reduce NOx emission due to low 
fuel consumption. The other is selected for developing composite sorbent for ammonia storage reactor. 
NOx emission of a diesel engine is tested in terms of various fuel blends. Based on these testing results, 
working performance of novel sorption SCR system is evaluated. It is indicated that the lowest annual 
required mass of composite SrCl2 with Al@C is about 98 kg, which is one quarter of urea solution. 
Comparably, the highest annual required volume of urea solution is 25.6% higher than that of 
composite SrCl2 with Al@C. Annual required mass ranges from 98 kg to 475 kg whereas annual 
required volume is in the range from 243 L to 446 L. Feasibility of novel sorption SCR system is 
further verified, which reveals vast potentials for reducing NOx emission in terms of conversion 
efficiency and cost. 
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Nomenclature 1 
Adblue Urea solution 
Al@C Carbon coated aluminum 
BMEP Brake mean effective pressure 
B0 Diesel 
B0E4 Diesel with 4% ethanol  
B0E4N30 Diesel with 4% ethanol and 30ppm Al@C 
EGR Exhaust gas recirculation 
ENG Expanded natural graphite 
MTS Middle temperatue salt 
LTS Low temperatue salt 
NH3 Ammonia 
NOx Nitrogen oxides 
Ni@C Carbon coated nickel 
Q Heat (kW) 
SCR Selective catalytic reduction 
TEM Transmission electron microscope 
Greek letters 2 
∆x Cycle sorption capacity (kg-1·kg-1) 
Subscripts 3 
am Ammonia 
c Cycle 
de Desorption 
eq Equilibrium 
eva Evaporation 
h High 
i Theoretical 
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l Low 
max Maximum 
R Reaction 
r Real situation 
s Sorption 
sor Sorbent 
 4 
1. Introduction 5 
Since the issue of Volkswagen emissions violation, nitrogen oxides (NOx) emissions have once again 6 
become a hot topic which attracts burgeoning numbers of attentions. NOx emissions of diesel engine have been 7 
verified as a major source for air pollution, which contributes to the formation of smog and acid rain[1]. Thus 8 
reducing NOx emissions has become an urgent challenge for environmental protection and energy saving.  9 
It is extensively acknowledged that fuel is not only characterized as power of vehicles but also source of 10 
emissions[2]. Thus there are two feasible approaches to realize effective NOx reduction. One is to decrease the 11 
production of NOx inside engine whereas the other is to take reaction to reduce its emissions. For former 12 
methods, exhaust gas recirculation (EGR)[3, 4] is generally considered as a mature technology. Since the exhaust 13 
gas replaces some of the excess oxygen in the pre-combustion mixture, it inhibits the production of NOx. 14 
Nonetheless, combustion efficiency of diesel engine is more or less influenced in terms of various working 15 
conditions. Also worth noting that development of novel fuel blends by using nanoparticles have been 16 
investigated by various researchers for reducing NOx emissions. Soukht Saraee et al.[5] explored the function of 17 
blending cerium oxide and cerium dioxide on engine performance. It was indicated that brake specific fuel 18 
consumption and NOx emissions were decreased by adding nanoparticles. Although nanoparticles have an 19 
positive influence on NOx emissions, the limited improvement could be accomplished, which is usually less than 20 
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5%[6]. Another method to reduce NOx emission is to use dual fuel for diesel engine i.e. ammonia will take effect 21 
inside engine. Reiter et al.[7] investigated combustion and emission characteristics of a compression-ignition 22 
engine through a dual fuel approach. It was demonstrated that combustion efficiency and emissions were 23 
improved by adopting direct ammonia/diesel injection strategies. Later, fumigation of the premixed ammonia 24 
was attempted to be applied for a diesel engine. Simulation results revealed that NOx emissions decreased with 25 
little ammonia fumigation and increased with high ammonia fumigation[8]. At present, dual fuel technology for 26 
diesel engine mainly concentrates on numerical simulation. It may take a long time to realize real application 27 
since the engine is inevitably modified.   28 
From above summary, it is difficult to remarkably reduce NOx production through improved method in 29 
terms of engine part. Thus selective catalytic reduction (SCR) technology is adopted to further reduce NOx 30 
emissions outside engine[9], which is characterized with excellent selectivity with reasonable combustion 31 
efficiency remained[10]. For conventional SCR, urea solution (adblue) serves as a source of ammonia to react 32 
with NOx, which will result in some drawbacks i.e. low ammonia storage density, low NOx conversion efficiency 33 
and crystallization at low ambient temperature[11]. In order to further improve NOx conversion efficiency, 34 
various novel catalysts are developed and investigated in catalytic converter of conventional SCR system. Wang 35 
et al.[12] developed a novel Cu-chabazite catalyst, which indicated a significant breakthrough for removing NOx. 36 
Li et al.[13] prepared a novel catalyst with a core-shell structure by using a chemical deposition method. Results 37 
demonstrated that the catalyst revealed a relatively high NO conversion efficiency at a temperature range from 38 
110oC to 220oC. Due to the limitation of conventional urea SCR system by injecting adblue directly to the 39 
catalytic converter, NOx conversion efficiency could not be further improved only through novel catalysts[14].  40 
Under this scenario, a novel sorption SCR technology is proposed in our previous work, which reveals the 41 
advantages of efficient ammonia storage and generation[15]. Monovariant chemisorption reaction process is 42 
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flexibly adjusted to external conditions by using various metal halides[16], which has been widely applied for 43 
various fields such as refrigeration[17], heat pump[18], energy storage[19] and electricity generation[20], etc. 44 
Since ammonia acts as gas form in diesel vehicles, safety of this novel technology could be guaranteed. 45 
Composite sorbents have been verified to be a suitable candidate for sorption SCR[21], which could overcome 46 
the drawbacks of granular metal chlorides with an improved sorption and desorption characteristic[22]. Recently 47 
carbon coated metal and expanded natural graphite (ENG) were investigated as combined additives for 48 
enhancing heat and mass transfer performance of composite sorbents[23]. This novel composite sorbents are also 49 
expected to have a better performance with regard to sorption SCR technology. 50 
Our previous researches about composite sorbents by using carbon nanoparticles were applied for thermal 51 
energy storage. In this paper, a novel sorption SCR system is presented for reducing NOx of diesel engine by 52 
using carbon coated metal. It is the first time that fuel blends are prepared by adding carbon coated aluminum 53 
(Al@C). Composite sorbent is developed with Al@C and ENG for improved desorption and sorption 54 
characteristic. Performance of novel sorption SCR system is analyzed and compared in terms of various fuel 55 
blends and composite sorbents, which reveals combined efficacy on reducing NOx from source to emission. 56 
 57 
2. Concept of sorption selective catalytic reduction 58 
Layout of novel sorption SCR system in diesel vehicle is indicated within the dashed line of Fig.1. 59 
Ammonia storage reactor of sorption SCR system could be installed in the position where adblue tank is 60 
originally installed, which is on left or right side of the underframe of diesel vehicle. Ammonia storage reactor is 61 
nearby the exhaust pipe, which is expected to utilize exhaust heat more conveniently with less modification of 62 
original SCR system.  63 
 64 
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 65 
Fig.1. Layout of novel sorption SCR system in diesel vehicle. 66 
 67 
The detailed schematic diagram of novel sorption SCR system is demonstrated in Fig.2, which is adopted 68 
for further illustrating the layout as shown in Fig.1. As Fig.2a shows, the system is mainly composed of two 69 
temperature and NOx sensors at the inlet and outlet of catalytic converter, an ammonia nozzle, a catalytic 70 
converter, a pressure sensor, an electric control unit and an ammonia storage reactor. Since an improved 71 
performance is expected by using novel fuel blend, source part i.e. diesel engine is also included in sorption SCR, 72 
which is a little different from our previous work with only regard to ending part i.e. emission[21]. The structure 73 
of ammonia storage reactor is depicted in Fig.2b. Compared with conventional urea SCR system, there are two 74 
major advantages of novel sorption SCR system. One is that sorption reactor could be heated and driven by 75 
exhaust gas in stable working condition. The other is that adblue pump won’t be required for ammonia storage 76 
reactor. The main working processes of novel sorption SCR system for reducing NOx are as follows: 77 
(1) Desorption process (NOx reduction process): In this process, electric heater is used to heat the reactor at 78 
the initial stage of starting diesel engine since exhaust temperature could not reach desorption 79 
temperature of composite sorbent for desorbing ammonia. In stable working condition, ammonia 80 
storage reactor will be heated by exhaust gas. When the outlet NOx concentration of catalytic converter 81 
is higher than standard value, ammonia storage reactor will eject ammonia through nozzle. Ammonia is 82 
mixed first and then reacts with NOx in the catalytic converter. Electric control unit will adjust the 83 
injection capacity in this working process until NOx emission concentration is in the standard range. 84 
(2) Sorption process (ammonia replenishment process): When ammonia in storage reactor is almost 85 
depleted, the reactor will be taken out and replenished in a sorption process. Ammonia storage reactor 86 
and liquid ammonia tank will be mutually connected. In this process, the reactor will be immersed and 87 
Diesel engine
Temperature sensor 1 NOx sensor 1 Nozzle
Reactor
Electric control 
unit
NOx sensor 2
Temperature sensor 2 
Pressure sensor 
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cooled in ambient cooling medium for releasing sorption heat of Qs. Liquid ammonia tank is 88 
maintained at environmental temperature by consuming evaporation heat of Qeva. When composite 89 
sorbent reaches the saturated state, sorption storage process will be finished. The weighing method will 90 
be applied to ensure filling capacity. Finally, ammonia is stored in form of chemical potential inside 91 
sorption working pair. 92 
 93 
 94 
(a) 95 
 96 
(b) 97 
Fig.2. Schematic diagram of novel sorption SCR system (a) desorption process; (b) sorption process. 98 
 99 
Fig.3 indicates P-T schematic diagram of novel sorption SCR system. During NOx reduction process, 100 
ammonia storage reactor will be heated with exhaust heat Qde at a temperature of Tde, which happens at point A. 101 
Ammonia will be desorbed and ejected into exhaust pipe through a nozzle, reacting with NOx in the catalytic 102 
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converter. Theoretical equilibrium desorption process should proceed from point A to point B whereas real 103 
desorption process is usually non-equilibrium process, which probably proceeds from point A to point B’. Thus 104 
real desorption process is displayed with a dashed line. During ammonia replenishment process, the reactor is 105 
cooled by cooling medium to release sorption heat Qs at a temperature of Ts whereas evaporation heat Qeva 106 
produced by liquid ammonia tank will be consumed by environmental medium at a temperature of Teva. Sorption 107 
process happens from point C to point D. The main reaction processes between NOx and ammonia could be 108 
referred to equations 1-2. 109 
3 2 2 24NH +4NO+O 4N +6H O                         (1) 110 
3 2 2 22NH NO+NO 2N 3H O                           (2) 111 
 112 
 113 
Fig.3. P-T schematic diagram of working processes of novel sorption SCR system. 114 
 115 
3. Materials 116 
3.1 Carbon coated metal 117 
As a type of nanoparticles, carbon coated metal is characterized with core-shell structure. Carbon coating 118 
plays a role of protecting metal core as external condition, which could maintain excellent core properties.  119 
Fig.4 indicates transmission electron microscope (TEM) image of Al@C and carbon coated nickel (Ni@C), 120 
which could refer to our previous work[24]. The encapsulated structure of Al@C could be observed in Fig.4a. It 121 
is worth noting that aluminum cores are completely surrounded by carbon shells with a thickness ranging from 2 122 
nm to 4 nm. Fig.4b reveals core-shell structure of Ni@C with a diameter ranging from 30 nm to 100 nm. 123 
Core-shell structure of nanoparticles with metallic core and carbon shell could protect metal core in the 124 
PH
PL
TdeTeva Ts -1/T
L/G S/G
Qeva
 NOx Reduction 
B A
C D
Qde
Qs
LnP
B 
Ammonia 
replenishment
TiTr
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sorption/desorption process due to the fact that carbon materials are stable even in severe conditions. 125 
It is suggested that the carbon shell of the nanoparticles 126 
consisted of both ordered graphitic layers and amorphous 127 
carbon. EDX result shows strong Ni element peaks, further 128 
indicating the Ni@C nanoparticles contain Nickel element 129 
(Fig. 2(c)). Copper signal is come from the copper mesh as 130 
sample holder in TEM observation. The encapsulated 131 
structures of Al@C nanoparticles are clearly seen in Figs. 132 
2(d)–(e), where cores with spherical shape and diameter 133 
between 50nm and 100 nm are dominant. The TEM images 134 
reveal that the aluminum cores are completely surrounded 135 
by carbon shells with thickness of only 2 nm to 4 nm, 136 
including approximately 6 to 11 ordered graphitic layers. 137 
EDX result of Al@C nanoparticles shows a strong Al 138 
element peak indicating aluminum element as well(seen 139 
Fig. 2(f)). Core-shell structure of the nanoparticles with 140 
metallic core and carbon shell could shield metal core from 141 
environmental degradation during ammonia adsorption/ 142 
desorption process because carbon materials are stable even 143 
in harsh conditions, providing effective enhancement of 144 
thermal conductivity in a long-term. 145 
In order to evaluate the mixing 146 
 147 
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(a) (b) 
Fig.4. TEM image of carbon coated metal (a) Al@C; (b) Ni@C[24]. 148 
 149 
3.2 Preparation of novel fuel blends 150 
Two kinds of carbon coated metals i.e. Al@C and Ni@C are selected for comparing their different 151 
influence on fuel blends. The developing processes of novel fuel blend are described as follows: carbon coated 152 
metal is first mixed with ethanol as surfactant in ultrasonic bath. Then the mixture will be combined with oil in 153 
ultrasonic bath for 30 minutes.  154 
Fig.5 indicates the photo of fuel blends by using Al@C and Ni@C. It could be observed that Al@C and 155 
Ni@C are well mixed in fuel blends on the first day. After one night, Ni@C particles are almost separated with 156 
oil where Al@C still maintains well mixed, which indicates that Al@C is more suitable as an additive for novel 157 
fuel blend. Difference of fuel blends by using Al@C and Ni@C is probability related with Van der Waals force 158 
between nanoparticles and oil molecules. Van der Waals force of Al@C is stronger than its gravity whereas 159 
Ni@C has a stronger gravity than its van der Waals force[26].     160 
In order to seek for an optimal mass ratio of novel fuel blend, different mass ratios of Al@C, i.e. 30 ppm, 60 161 
ppm and 90 ppm are adopted for further comparison which are shown in Fig.6. It is worth noting that sample 162 
with a ratio of 30 ppm remains stable during two weeks whereas sample with 60 ppm precipitates some particles 163 
on the bottom. Comparably, sample with 90 ppm has a significant deposit. It is demonstrated that phrase 164 
separation becomes obvious with the increase of mass ratio of Al@C due to the fact there is a weak gel structure 165 
of particles in ethanol. This structure results in a strong van der Waals force for particles in suspension. 166 
 167 
 168 
  
(a) (b) 
Fig.5. Fuel blends by using carbon coated metal (a) just finished; (b) one day after. 169 
Ni@C Al@C Ni@C Al@C
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 170 
  
(a) (b) 
Fig.6. Comparison of fuel blends with various mass ratios of Al@C (a) just finished; b) two weeks later. 171 
 172 
3.3 Development of novel composite sorbent 173 
Detailed developing processes of novel composite sorbent with ENG and Al@C are illustrated in Fig.7. 174 
First, Al@C is dispersed in ethanol with ultrasonic bath for 30 minutes to prevent aggregation (a1 process). 175 
Meanwhile, metal chloride is stirred and dissolved in the water (a2 process). Then ENG is dried in an oven at a 176 
controlled temperature of 120oC for 2 h. ENG, Al@C and metal chloride solution are stirred and mixed together 177 
in ultrasonic bath for another 30 minutes (b process). After that, the mixture will be dried in an oven at 200oC for 178 
48 h (c process). Composite sorbent is developed, and it will be put into ammonia storage reactor and pressed by 179 
a compressing machine (d process). Finally, consolidated composite sorbent of the reactor will be tested (e 180 
process), which is to simulate desorption/sorption performance of novel sorption SCR system.  181 
 182 
30 ppm 60 ppm 90 ppm 30 ppm 60 ppm 90 ppm
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 183 
Fig.7. Developing process of novel composite sorbent by using ENG and Al@C. 184 
 185 
4. Diesel engine testing 186 
Fig.8 indicates the photo of diesel engine bench for exhaust testing, which is mainly composed of a diesel 187 
engine, an oil tank, a dynamometer, an intercooler, an air flow meter, a turbo charger and exhaust gas analyzers. 188 
A heavy-duty diesel engine is adopted for testing which is produced by Cummins, and detailed information is 189 
indicated as in Table 1. A common rail fuel injection system has four solenoid injectors for each cylinder with a 190 
maximum pressure of 1800 bar. Through intake system and fuel control system, fuel enters the combustion 191 
chamber of diesel engine. Exhaust turbocharger and intercooler is also equipped in the intake and exhaust system 192 
to control flowrate and temperature during the combustion process. Eddy current dynamometer is able to achieve 193 
multipoint of choice and control. Testing apparatus with their accuracies are listed in Table 2. All exhausts are 194 
measured by HORIBA MEXA 1600D gas analyzer. 195 
In this experiment, three different types of fuel blends are selected for further comparison, namely diesel 196 
(B0), diesel with 4% ethanol (B0E4) and diesel with 4% ethanol and 30ppm Al@C (B0E4N30). 197 
 198 
(a1)
(b)
(a2)
(c) (d) (e)
TransducerUltrasonic 
generator
Heater
Sorption 
reactor
Compression
Place for 
heater Gas tunnel 
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 199 
Fig.8. Photo of engine testing bench. 200 
 201 
Table 1. Specification of diesel engine ISBe 5.  202 
Specification Explanation 
Cylinder 4 
Chamber ω type 
Peak torque 760 N·m 
Displacement 4.5 L 
Governed speed 2500 rpm 
Stroke 124 mm 
Bore 107 mm 
Compression ratio 17.3 
Emission standard Euro V 
 203 
Table 2. The main testing apparatus for testing bench. 204 
Apparatus Type Testing scope Accuracy 
Dynamometer Eddy current 0-230kW ±0.3R 
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Temperature sensor K  0-1200oC ±0.1oC 
Pressure sensors PTX 0-10 bar ±0.1% 
HORIBA 1600D 0-500 g·kW-1·h-1 ±0.2% 
 205 
 206 
Fig.9 demonstrates overall NOx emissions in terms of different brake mean effective pressure (BMEP) and 207 
fuel blends when speed is 1810 rpm. It is demonstrated that overall NOx emissions by using various fuel blends 208 
decrease remarkably with the increase of BMEP. The highest NOx emission could reach 222.6 mg·s-1 by using 209 
B0E4 whereas B0E4N30 reveals the lowest NOx emission in terms of different BMEP. The reasons are 210 
elaborated as follow: It is widely acknowledged that NOx emission is usually related with fuel consumption. Fuel 211 
blend by mixing Al@C have a higher thermal conductivity and lower viscosity than that of other two, which will 212 
result in larger heat release. Less fuel will be consumed in this case. Thus overall NOx emission of novel fuel 213 
blend with Al@C will be further reduced. 214 
 215 
 216 
Fig.9. Overall NOx emissions vs. different BMEP. 217 
 218 
Fig.10 demonstrates instantaneous NOx emissions by using various fuel blends i.e. B0 (Fig.10a), B0E4 219 
(Fig.10b) and B0E4N30 (Fig.10c) when diesel engine operates under stable working conditions i.e. 30 minutes 220 
of warming-up in advance. The highest instantaneous NOx emission could be obtained when BMEP is 0.25. This 221 
is mainly because air-fuel ratio is decreased with the decrease of BMEP. With regard to higher BMEP i.e. higher 222 
peak pressure in combustion chamber, NOx emission will be reduced. Similarly the lowest NOx emission could 223 
be obtained when BMEP reaches 0.93. When BMEP is 0.25, it represents a working condition with a quite low 224 
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load, which almost doesn’t appear in real operation of diesel vehicle. Thus sorption SCR system will be 225 
evaluated based on experimental NOx emission in terms of high BMEP i.e. 0.5, 0.76 and 0.93. 226 
 227 
 228 
(a) 229 
 230 
(b) 231 
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 232 
(c) 233 
Fig.10. Instantaneous NOx emission of different fuel blends vs. time (a) B0; (b) B0E4; (c) B0E4N30. 234 
 235 
5. Sorption SCR system 236 
5.1 Composite sorbent characterization 237 
Considering temperature range of exhaust gas and tolerance limit of vehicle materials, middle temperature 238 
salt (MTS) and low temperature salt (LTS) could be selected for ammonia storage reactor of sorption SCR 239 
system since their desorption temperature is no more than 150oC with regard to 30oC condensation temperature. 240 
Several metal chlorides i.e. CaCl2, SrCl2, NH4Cl and BaCl2 are selected for further comparison in terms of 241 
equilibrium desorption temperature, molar mass, maximum cycle sorption capacity, experimental cycle sorption 242 
capacity and unit price, which are shown in Table 3. Reaction processes of these sorbents with ammonia could 243 
refer to equations 3-8 without sorption hysteresis. Also for chemisorption working pair, working pressure is 244 
generally determined by working temperature, which can be according to Clapeyron equation 9. To simplify the 245 
description of chemisorption process of sorbents, phrases of CaCl2 8/2, SrCl2 8/1, BaCl2 8/0 and NH4Cl 3/0 are 246 
used in this paper. E.g. SrCl2 8/1 represents the process in which SrCl2 ammoniate reacts with ammonia from 1 247 
moles to 8 moles. Besides, CaCl2 8/2 is actually composed of CaCl2 8/4 and CaCl2 4/2. 248 
It is worth noting that the maximum cycle sorption capacities are evaluated under equilibrium condition 249 
whereas experimental sorption capacities are based on real testing condition, which could refer to our previous 250 
work[27, 28]. It is indicated that composite NH4Cl has the largest experimental cycle sorption capacity of 0.65 251 
kg·kg-1 whereas composite BaCl2 shows lowest value of 0.379 kg·kg-1. Also composite SrCl2 has the smallest 252 
difference between theoretical and experimental cycle sorption capacity whereas composite BaCl2 has the largest 253 
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difference, which is decreased by 41.6%. This is mainly because theoretical sorption capacity is obtained under 254 
equilibrium condition i.e. sufficient reaction duration and large temperature driving potential whereas 255 
non-equilibrium reaction process proceeds in experiment with limited reaction duration and heat transfer. Prices 256 
of metal chlorides could refer to that of China pharmaceutical group. Some metal chlorides are usually in the 257 
form of hydrated salts, and their prices are also calculated for granular salts. 258 
Among these composite metal chlorides, it is indicated that composite CaCl2 and SrCl2 are suitable to be 259 
selected for sorption SCR system when considering both experimental sorption capacity and unit price. 260 
Nonetheless, CaCl2 proceeds two reaction processes in the selected temperature range. Thus two working 261 
pressures are generated in the desorption process, which will increase the complexity for electric control and 262 
reduce its thermal stability. Therefore, composite SrCl2 will be selected as an example for further analyzing its 263 
performance of novel sorption SCR system.  264 
 265 
Table 3. The main parameters of selected metal chlorides. 266 
Sorbent 
Equilibrium 
desorption 
temperature (oC) 
Molar 
mass (kg) 
Maximum cycle 
sorption capacity 
∆xmax (kg·kg-1) 
Experimental cycle 
sorption capacity 
∆x (kg·kg-1) 
Price per kg 
(RMB) 
CaCl2 8/2 99 110.8 0.93 0.613 60 
SrCl2 8/1 96 158.4 0.75 0.626 100 
BaCl2 8/0 56 208.2 0.65 0.379 68 
NH4Cl 3/0 48 53.4 0.96 0.65 300 
 267 
22 3 3 2 3 CaCl
CaCl 2NH 2NH CaCl 4NH 2 H                    (3) 268 
22 3 3 2 3 CaCl
CaCl 4NH 4NH CaCl 8NH 4 H                    (4) 269 
22 3 3 2 3 SrCl
SrCl NH +7NH SrCl 8NH +7ΔH                    (5) 270 
22 3 2 3 BaCl
BaCl +8NH BaCl 8NH +8ΔH                    (6) 271 
44 3 4 3 NH Cl
NH Cl 3NH NH Cl 3NH 3 H                         (7) 272 
3 eva 3NH (liq) NH (gas)H                            (8) 273 
R
eq
eq
Ln( )
H S
P
RT R
 
                                 (9) 274 
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 275 
Since composite SrCl2 is selected for novel sorption SCR system, desorption and sorption characteristic of 276 
composite sorbent by using Al@C as the additive are key parameters for further analysis. It is widely 277 
acknowledged that global conversion rate, i.e. the percentage of composite sorbent that reacts with the 278 
refrigerant, is often used to assess performance of working pairs[29]. Thus global conversion rate of composite 279 
SrCl2 with and without Al@C are experimentally investigated and compared, which is shown in Fig.11. The 280 
detailed testing processes by using specially designed testing unit could be referred to our previous work[23]. 281 
Desorpion and sorption performance are indicated in Fig.11a and Fig.11b, respectively. It is worth noting that 282 
composite SrCl2 with Al@C has a faster desorption and sorption rate than that without Al@C. Al@C will be 283 
conducive to reduce sorption and desorption time. When the reaction proceeds 70% of desorption process i.e. 284 
global conversion rate is 0.3, it takes about 8.1 minutes for composite SrCl2 with Al@C, which is about 1.7 285 
minutes less than that without Al@C. Similarly when global conversion rate is 0.7 in the sorption process, it 286 
takes 17.9 minutes for composite SrCl2 with Al@C, which is 3.1 minutes less than that without Al@C under the 287 
condition of 10oC evaporation temperature. The faster sorption rate results in less time to fill ammonia storage 288 
reactor in the replenishing process, which indicates the higher working efficiency and lower cost. The reduced 289 
desorption time will also decrease the heat input for ammonia sorption reactor, which is conducive to overall 290 
energy efficiency of diesel vehicles. 291 
 292 
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(a) (b) 
Fig.11. Desorption/sorption characteristic of composite SrCl2 (a) desorption process; (b) sorption process. 293 
 294 
5.2 Performance analysis 295 
Since diesel engine mainly operates at 50% load in real application, the concerning testing results of NOx 296 
emission will be selected for investigating the performance of sorption SCR system based on experimental cycle 297 
desorption capacity of composite SrCl2. Annual required mass and volume are considered as two paramount 298 
parameters, which determines the size of ammonia storage reactor for diesel vehicles. Ammonia storage reactor 299 
is assumed to be replaced and filled once a year, and annual required mass and volume of composite SrCl2 and 300 
adblue are evaluated by equation 10, which are shown in Fig.12 in terms of different fuel blends. 301 
It is demonstrated that annual required mass of composite SrCl2 is much less than that of adblue whereas 302 
annual required mass of composite SrCl2 with Al@C is slightly less than that of composite SrCl2 without Al@C. 303 
This is mainly because sorption SCR technology is more conducive to system compactness when compared with 304 
conventional urea SCR system. Also worth noting that the lowest annual required mass of composite SrCl2 with 305 
Al@C is about 98 kg, which is almost one quarter of adblue by using the same fuel blend. Comparably, 306 
difference of annual required volume between composite SrCl2 and adblue become closer due to the fact that 307 
density of adblue is higher than that of composite SrCl2. Moreover, results reveal that the highest annual required 308 
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volume of adblue could reach 446 L, which is 25.6% higher than that of composite SrCl2 with Al@C. By using 309 
different SCR technologies, annual required mass ranges from 98 kg to 475 kg whereas annual required volume 310 
is in the range from 243 L to 446 L.  311 
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                                 (10) 312 
  
(a) (b) 
Fig.12. Annual required mass and volume of SCR technologies vs different fuel blends (a) mass; (b) volume. 313 
 314 
Table 4 shows overall comparison between novel sorption SCR system and conventional urea SCR system 315 
in terms of system compactness, fuel consumption, energy input, mechanical and thermal stability, NOx 316 
reduction and total cost. Since less annual required mass and volume could be obtained, system compactness is 317 
further improved by novel sorption SCR system. Also worth noting that sorption SCR with Al@C is conducive 318 
to fuel consumption, which will reduce NOx emissions of diesel engine. SCR systems without Al@C don’t take 319 
effect on fuel consumption. 320 
For sorption SCR system, electric and exhaust heating could be mutually combined. Electric heater is used 321 
for heating ammonia storage reactor at initial stage of starting diesel engine since exhaust temperature couldn’t 322 
reach desorption temperature of composite SrCl2. This combined heating mode will not only reduce NOx 323 
emission but also lower the outlet temperature of exhaust, which results in an improved energy efficiency. In 324 
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contrast, conventional urea SCR system will consume part of electricity by using adblue pump. 325 
Sorption SCR system by using composite sorbent has a higher mechanical and thermal stability than urea 326 
SCR system by using adblue which is flexible to adjust working pressure of ammonia with a higher ammonia 327 
content. Also worth noting that sorption SCR could solve the problems such as crystallization or coking by 328 
supplying ammonia into the catalytic converter directly rather than adblue through the pump, which could 329 
remarkably improve NOx conversion efficiency. Since Al@C plays dual roles by developing fuel blend and 330 
composite sorbents, NOx will be further reduced by sorption SCR with Al@C than without Al@C. Besides, 331 
pump is removed from sorption SCR system, which reduces system complexity. One remarkable fact is that 332 
sorption SCR by using Al@C has a lower cost than other two SCR systems due to the fact that less fuel is 333 
consumed and no fluid pump is required. In order to further illustrate the advantage of sorption SCR, system cost 334 
is compared in details as follow. 335 
 336 
Table 4. Comparison between novel sorption SCR and conventional urea SCR. 337 
Type 
System 
compactness 
Fuel 
consumption 
Energy input 
Mechanical& 
thermal stability 
NOx 
reduction 
Cost 
Sorption SCR  
with Al@C 
High Reduced 
Electricity 
&Exhaust heat 
High High Low 
Sorption SCR 
without Al@C 
High No change 
Electricity 
&Exhaust heat 
High Moderate Moderate 
Urea SCR Moderate No change Electricity Moderate Low High 
 338 
Since system cost is reduced by novel fuel blends and sorption SCR technology, it is reasonable to be 339 
analyzed separately. Fig.13a shows the hourly cost by using various fuel blends whereas Fig.13b demonstrates 340 
relative fuel consumption in terms of different BMEP. It is indicated that when BMEP is higher than 0.25, fuel of 341 
B0E4N30 indicates the lowest cost. This is mainly because B0E4N30 will has a positive relative fuel 342 
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consumption whereas B0E4 has a negative relative consumption when compared with that of B0. The highest 343 
positive and negative relative consumption is about 0.07 and -0.09, which indicate an improved performance of 344 
fuel blend by using Al@C. Also worth noting that when BMEP is 0.25, cost and fuel consumption of B0E4 and 345 
B0E4N30 is lower than B0. The reasons are elaborated as follows: for low BMEP, ethanol as a surfactant will 346 
result in an ignition delay due to its high evaporation latent heat. Under this scenario, capacity of intake air is 347 
increased, and fuel consumption of B0 is lower than that of fuel blends without ethanol. Comparably, fuel 348 
consumption of B0E4N30 constantly maintains low with the increase of BMEP due to the fact that Al@C is 349 
conducive to heat release. Fig.14 demonstrates cost of various SCR systems i.e. urea SCR, sorption SCR with 350 
and without Al@C. It is indicated that cost of sorption SCR system is around two-thirds of adblue system. 351 
Sorption SCR without Al@C has a higher cost than that of sorption SCR with Al@C. This is because the larger 352 
sorption capacity could be obtained by composite SrCl2 with Al@C. Since mass ratio of Al@C is relatively small 353 
with regard to the total mass of fuel blend and composite sorbent, it almost doesn’t increase the cost of sorption 354 
SCR system. 355 
 356 
  
(a) (b) 
Fig.13. Comparison of fuel blends vs. different BMEP (a) fuel cost; (b) relative fuel consumption. 357 
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 359 
Fig.14. Cost of SCR technologies vs different fuel blends. 360 
 361 
6. Conclusions 362 
A novel sorption SCR system is proposed to reduce NOx emissions of diesel engine by using carbon 363 
nanoparticle, in which Al@C plays dual roles for developing fuel blend and composite sorbent. Performance of 364 
SCR system with Al@C and without Al@C is analyzed and compared with urea SCR system based on the 365 
testing results of different fuel blends. Conclusions are yielded as follows: 366 
[1] Overall NOx emission of fuel blend decreases remarkably with the increase of BMEP. The highest 367 
NOx emission could be obtained by using B0E4 whereas B0E4N30 shows the lowest NOx emission. 368 
For different fuel blends, the highest NOx emission could be obtained when BMEP is 0.25. When 369 
BMEP is 0.93, the lowest NOx emission could be obtained.  370 
[2] Composite SrCl2 by using Al@C has a faster desorption and sorption rate than that without Al@C. 371 
Thus Al@C is conducive to reduce sorption and desorption time. When the reaction proceeds 70% of 372 
desorption process, it takes about 8.1 minutes for novel composite SrCl2 with Al@C, which is about 373 
1.7 minutes less than that without Al@C. Similarly when global conversion rate is 0.7 in the sorption 374 
process, it takes 17.9 minutes for novel composite SrCl2 with Al@C, which is 3.1 minutes less than 375 
that without Al@C.  376 
[3] The lowest annual required mass of composite SrCl2 with Al@C is about 98 kg, which is one quarter 377 
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of adblue. Comparably, difference of annual required volume between composite SrCl2 and adblue 378 
become close. Also the highest annual required volume of adblue could reach 446 L, which is 25.6% 379 
higher than that of composite SrCl2 with Al@C. By using different SCR technologies, annual required 380 
mass and volume range from 98 kg to 475 kg and from 243 L to 446 L, respectively. 381 
[4] Al@C is conducive to fuel consumption and sorption characteristic which will play dual roles for 382 
reducing system cost. Cost of sorption SCR system is about two-thirds of adblue system. Sorption 383 
SCR with Al@C has a lower cost than that of sorption SCR without Al@C. Fuel blend and composite 384 
sorbent by adding Al@C almost doesn’t increase the cost of sorption SCR system. 385 
With high ammonia conversion efficiency and low fuel consumption by using carbon coated metal, the 386 
proposed sorption SCR system may be an alternative method to reduce NOx emission from diesel vehicles. 387 
Improved performance could be verified under steady-state condition. The main challenge of sorption SCR is 388 
how to accurately control dynamic behavior of sorption storage reactor in the process of NOx reduction, which is 389 
related with chemical kinetics of working pairs. Dynamic performance analysis on this novel technology will be 390 
further carried out in our future work.  391 
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